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In addition to its role as a neurotransmitter, dopamine can
stimulate neurite outgrowth and morphological effects upon
primary neurons. To investigate the signal transduction mech-
anisms used by dopamine in developing striatal neurons, we
focused upon the effects of activating the dopamine D1 recep-
tor. Using theD1 receptor agonist SKF38393, we found that Trk
neurotrophin receptorswere activated in embryonic day 18 stri-
atal neurons. K-252a, a Trk tyrosine kinase inhibitor, and a do-
pamine D1 receptor antagonist could block the effects of
SKF38393. The increase in TrkB phosphorylation was not the
result of increased neurotrophin production. Induction of TrkB
activity by SKF38393 was accompanied by the phosphorylation
of several Trk signaling proteins, including phospholipase C�,
Akt, and MAPK. Biotinylation experiments followed by immu-
nostaining by phospho-TrkB-specific antibodies indicated that
the mechanism involved increased TrkB surface expression by
dopamine D1 receptor activation. This increase in cell surface
TrkB expression was dependent upon an increase in intracellu-
lar Ca2�. These results indicate that stimulation of dopamine
D1 receptors can be coupled to the neurotrophin receptor sig-
naling tomediate the effects of dopamine upon striatal neurons.

Dopamine, the major neurotransmitter released from dopa-
minergic neurons, modulates neuronal activity (1–3) and influ-
ences key physiological functions related to locomotor activity,
reward, and cognition (4, 5). Dopamine also appears to exert
several developmental roles. In the lateral ganglionic eminence,
dopamine receptors modulate the cell cycle of progenitor cells
(6). Dopamine regulates neuronal differentiation and matura-
tion, such as neurite extension and development of growth

cones (7–9). However, the molecular mechanisms for these
developmental activities have not yet been defined.
Dopamine receptors are classified as D1-like (D1 and D5)

and D2-like (D2, D3, and D4) receptors (10). Activation of
D1-like receptors enhances L-type calcium ion (Ca2�) channel
activity and increases intracellular Ca2� concentration (11–
13). Dopamine receptors are G protein-coupled receptors
(GPCRs)3 that regulate the signaling results in cyclic 3�-5�AMP
(cAMP) accumulation because of coupling with the heterotri-
meric G protein subunits (14, 15). A number of GPCRs can
transactivate receptor tyrosine kinases. This suggests that do-
pamine receptors may regulate trophic effects more broadly by
using transactivation of other receptors.
Neurotrophins, such brain-derived neurotrophic factor

(BDNF) and neurotrophin-3, are widely expressed in cortex,
cerebellum, and hippocampus and have well established effects
upon the differentiation and development of many neuronal
populations in the central nervous system (16). In addition to
neurotrophin binding to Trk receptors, it has been appreciated
that Trk receptors can be transactivated by ligands that use
GPCRs (17, 18). Transactivation of Trk receptors has been
shown to account for neuroprotection and neuronal migration
(19, 20).
In this article, we report that D1 receptor stimulation can

lead to transactivation of TrkB receptor activity in rat striatal
neurons in vitro and in vivo. The activation of D1 receptors
results in the regulation of calcium influx and TrkB surface
expression in primary striatal cultures. Our results suggest that
D1 receptor mediates its signaling by transactivation of TrkB
and imply that the development of striatal neurons can depend
upon transactivation mechanisms.

EXPERIMENTAL PROCEDURES

PrimaryCulture—Striatal tissuesweredissected fromembryos
of Sprague-Dawley rats (embryonic days 18–19, Charles River
Laboratories, Inc., Wilmington, MA) and dissociated with 0.01%
trypsin solution. The neurons were plated at a density of �1.0 �
106 cells/ml in Dulbecco’s modified Eagle’s medium containing
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10% fetal bovine serum and grown for 5–6 days in serum-free
conditions, as described previously (21). Glial cells were plated in
Dulbecco’s modified Eagle’s medium containing 10% fetal bovine
serum, and grown in 10% serum condition.On days in vitro (DIV)
5 or 6, the cultures were treated with dopamine agonists:
SKF38393 (1 �M), quinpirole (1 �M; Sigma-Aldrich Corp.), iono-
mycin (10 �M; Calbiochem, San Diego, CA), or BDNF (5 ng/ml,
Peprotech Inc., Rocky Hill, NJ). Prior to the dopamine agonist
treatment, the cultures were preincubated with the dopamine D1
receptor antagonist SCH23390 (1 �M; Sigma) or K-252a (100 nM;
Calbiochem), TrkB-Fc (10 �g; Chemicon, Temecula, CA),
BAPTA (10 �M), or BAPTA-AM (10 �M, Calbiochem). All of the
animal experiments were performed in accordance with the Divi-
sion of Laboratory Animal Resources Guidelines of New York
University School ofMedicine.
Surface Biotinylation Assay—The cultures were treated with

1 �M SKF38393 for 3 h and then incubated with 1 mg/ml sulfo-
NHS-LC-biotin (Pierce) in phosphate-buffered saline (PBS)
containing 1mMCaCl2 and 1mMMgCl2 for 30 min on ice (18).
The cell lysates were incubated with immobilized streptoavi-
din-beaded agarose (ImmunoPure; Pierce) overnight at 4 °C.
Biotinylated proteins were eluted with 2% SDS buffer at 100 °C
and processed for Western blotting analysis.
Immunoprecipitation and Western Blot Analysis—Levels of

phospho-TrkB, TrkB, phosphotyrosine were determined by
immunoblot analysis using methods similar to those described
previously (22). Protein samples for immunoprecipitation were
prepared from culture cells or striatal tissues lysate by radioim-
mune precipitation assay buffer (10 mM Tris-HCl, pH 7.5, 150
mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% deoxycholate,
0.1% SDS). For immunoprecipitation, the protein lysates were
incubated with 2 �g of Trk antibody (Santa Cruz Biotechnol-
ogy, Inc., Santa Cruz, CA) or TrkB antibody (Cell Signaling
Technology, Danvers, MA) overnight at 4 °C. The resulting
immunocomplexes were precipitated with protein A-Sepha-
rose beads (Amersham Biosciences). After denaturing with 2%
SDS, the sampleswere separated by SDS-PAGE and transferred
electrophoretically to polyvinylidine fluoride membranes
(Immobilon-P�, Millipore, Bedford, MA). The membranes
were probed with Trk antibody (1:1000; Santa Cruz), phospho-
tyrosine antibody (1:1000; Upstate Biotechnology Inc., Lake
Placid, NY), TrkB antibody (1:1000; Cell Signaling), phospho-
MAPK antibody (1:1000), MAPK antibody (1:1000), phospho-
ARMS antibody (1:500), ARMS antibody (1:2000 (23), phos-
pho-Akt antibody (1:1000), Akt antibody (1:1000; Cell
Signaling), neuron-specific enolase (NSE) antibody (1:1000;
Chemicon), GAD67 (glutamate decarboxylases of 67 kDa) anti-
body (1:500; Santa Cruz), glial fibrillary acidic protein antibody
(1:1000; Chemicon), or actin antibody (1:5000; Chemicon).
After extensive washing, the immunoreactivity on the mem-
branes was detected with anti-rabbit/mouse immunoglobulins
conjugated to horseradish peroxidase, followed by a chemilu-
minescence reaction (ECL kit; Amersham Biosciences). The
band intensities were quantified by densitometry.
The specificity of phospho-TrkB antibody was confirmed by

peptide competition assay (23). For the competition, we com-
bined phospho-TrkB antibody with a 5-fold excess of TrkB
peptide (LQNLAKSPVTLDIC) or phospho-TrkB peptide

(LQNLAKSPVT(PO3H2)LDIC) in 500 �l of PBS and incubated
overnight at 4 °C, and then we used them forWestern blotting.
Immunocytochemistry—The cells were fixed with 4%

paraformaldehyde in PBS or 4%paraformaldehyde� 0.1% glut-
araldehyde in PBS for 20 min and then washed three times for
10 min with PBS. The fixed cultures were incubated overnight
at 4 °C with phospho-TrkB antibody (1:1000), dopamine D1
receptor antibody (1:300; Chemicon), or TrkB antibody (N ter-
minus, 1:300; Upstate) and incubated for 1 h at room tempera-
ture with Alexa Fluor� 568 goat anti-rabbit IgG secondary anti-
body (1:400), Alexa Fluor� 488 goat anti-rabbit IgG secondary
antibody (1:200), donkey anti-goat IgG-Cy3 antibody (1:400;
Molecular Probes, Eugene, OR), or goat anti-mouse IgG-biotin
antibody (1:400; Vector Laboratories, Burlingame, CA). Fol-
lowing mouse IgG-biotin antibody, the cells were incubated
with avidin-biotin horseradish peroxidase complexes (VEC-
TASTAIN� Elite ABC kits, Vector Laboratories). The staining
was proceeded with diaminobenzidine (0.5 mg/ml in 50 mM

Tris, pH 7.5) in the presence of H2O2. The images of immuno-
reactive neurons were collected with a Nikon fluorescence
microscope (ECLIPSE E800) and analyzed using AxioVision
(Carl Zeiss, Göttingen, Germany).
Mouse Dopamine D1 Receptor Transfection—The expression

vector of mouse D1 receptor (mD1R) was cloned in the mamma-
lian expression vector pcDNA3.1/V5-His©TOPO©TA expression
kit (Invitrogen). Expression of D1 receptor was detected by
tritium-labeled dopamine binding assay described below.
Human TrkB transfected HEK293 (HEK293-TrkB) cells

were prepared as described previously (24) and grown in
12-well plates at a density of 4 � 105 cells/well. The cells were
transfected with mD1R plasmid with the calcium phosphate
method. After 24 h, the cultured cells were challenged with
chemical reagents above. The dopamine binding assay was
assessed by incubating HEK293-TrkB cultures for 60 min at
4 °C in Tris Buffer (50 mM Tris, pH 7.4, 120 mM NaCl, 1 mM

EDTA, 5 g of glucose, and 2 mM CaCl2) containing 20 nM
3H-dopamine (Amersham Biosciences) and 1 �M dopamine
(Sigma). The cells were lysed, and their radioactive content was
counted as described previously (21).
Dopamine D1 Receptor Agonist and Antagonist Challenge to

Neonatal Rats—Sprague-Dawley rats (4 days old; Charles River
Laboratories, Inc.) were housed on a 12-h light-dark cycle with
free access to food and water. Different groups of rats were
subcutaneously administered at the nape of the neck (25) with
SKF38393 (Sigma; 1 mg/kg), SCH23390 (Sigma; 1 mg/kg), or
control vehicle (0.25% ascorbic acid in distilled saline).
SKF38393 and SCH23390were dissolved in distilled saline with
0.25% ascorbic acid. The brain tissues of these animals used for
immunoprecipitation and immunoblotting were harvested
immediately following decapitation and dissected on ice.
Peripherally administrated, these compounds penetrate the
blood-brain barrier and affect neurochemical makers in the
brain (26). The phosphorylation level of dopamine and cyclic
AMP-regulated protein (relative molecular mass, 32,000;
DARPP32) was increased in striatal tissues from SKF38393-
administrated rats and decreased in those from SCH38393-ad-
ministrated rats (data not shown).
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Statistical Analysis—All of the values are presented as the
means� S.D. The pharmacological effects were analyzed using
one-way analysis of variance followed by a Bonferroni test or a
Mann-WhitneyU test to evaluate the differences in immunob-
lots. A probability level of less than 0.05 was considered to be
statistically significant.

RESULTS

Dopaminergic input from the substantia nigra plays an
important role in the striatum (22, 27, 28). It has been reported

that dopamine D1 receptor signaling can regulate neuronal
morphology and expression of functional markers in develop-
ing striatal neurons (7, 8). We isolated striatal primary neurons
from rat embryonic day 18 embryos and assessed the involve-
ment of neurotrophic signals in the developing neurons.
TrkB, the receptor for BDNF and neurotrophin 4, is

expressed in striatum neurons (29). In the striatum, BDNF/
TrkB signaling is important in the proliferation, differentiation,
and development of medium spiny neurons (30–33). To deter-
mine the identity and status of TrkB receptors in striatum neu-
rons, we used a phospho-specific antibody against a C-terminal
peptide of TrkB. First, we confirmed the specificity of the anti-
phospho-TrkB antibody by a peptide competition assay (see
Fig. 2O). Western blot analysis of HEK293-TrkB cells (24)
resulted in activated TrkB protein after BDNF treatment. This
signal was blocked after preincubationwith the phosphorylated
TrkB peptide and not with the nonphosphorylated TrkB
peptide.
To establish whether Trk receptors are activated by dopa-

mine receptor stimulation in striatum neurons, we prepared
primary neuronal cultures from embryonic rat striatum and

FIGURE 1. Trk receptors phosphorylation by D1 receptor agonist in rat
striatal cultures. Neuronal striatal cultures were treated with control (PBS),
SKF38393 (SKF; 1 �M, 10 –180 min), quinpirole (QUN; 1 �M, 180min), and BDNF
(5 ng/ml, 3 min) at 37 °C on DIV6. Some dishes were preincubated with K-252a
(K-252a�SKF) or SCH23390 (SCH�SKF) prior to SKF38393 incubation. A, after
immunoprecipitation (IP) with Trk antibody, the cell lysates were subjected to
SDS-PAGE and Western blotting (WB) for phosphotyrosine (pY) and Trk. Typ-
ical immunoblots (IB) are shown. The protein levels were determined from
independent wells (n � 4). *, p � 0.05. The bars indicate S.D. B, some of cell
lysates for immunoprecipitation were also subjected to Western blotting.
Representative immunoblots are shown. Note that treatment with SKF38393
increased the immunoreactivity of growth-associated protein 43 (a growth
cone marker) in this culture (data not shown).

FIGURE 2. Immunoreactivity of phospho-TrkB receptor induced by D1
receptor agonist in rat striatal neurons. A–N, striatal cultures were treated
with control (PBS), SKF38393 (SKF), or BDNF at 37 °C on DIV5. Some dishes
were preincubated with K-252a or SCH23390 (SCH) prior to SKF38393 incu-
bation. The cultures were fixed and immunostained with phospho-TrkB anti-
body (red) and dopamine D1 receptor antibody (green). Note that phospho-
TrkB immunoreactivity was detected in 87 � 11% of D1 receptor positive
neurons (data not shown). O, specificity of phospho-TrkB antibody was meas-
ured by using HEK293-TrkB cells. To assess specificity of phospho-TrkB anti-
body, cell lysates (30 �g/each) obtained from HEK293-TrkB cells treated with
control (PBS) or BDNF (10 ng/ml) for 5 min were probed with phospho-TrkB
antibody as well as the antibody that was preincubated with either a phos-
phorylated or nonphosphorylated TrkB peptide competitor. WB, Western
blotting.

TrkB Transactivation by Dopamine

JUNE 6, 2008 • VOLUME 283 • NUMBER 23 JOURNAL OF BIOLOGICAL CHEMISTRY 15801



treated them with the D1 receptor agonist SKF38393 or the D2
receptor agonist quinpirole (34, 35). The neuronal cultures
were examined on DIV6 and compared with neurons cultured
in the presence of BDNF. Treatment with SKF38393 increased
the level of phospho-Trk (Fig. 1A) and phospho-TrkB (Fig. 1B)
in striatal neurons. However, the D2 receptor agonist, quinpi-
role, failed to stimulate the phosphorylation of TrkB (Fig. 1B).
Pretreatment with D1 receptor-specific antagonist SCH23390
or tyrosine kinase inhibitor K-252a blocked the increase of
TrkB phosphorylation by SKF38393 (Fig. 1B).

We also examined the activation of Trk signaling molecules,
such as Akt, MAPK, phospholipase C�, and ARMS (36, 37).
After incubation with SKF38393 for 3 h, the phosphorylation
levels of several signaling molecules, such as phospholipase C�
andMAPK, were increased, and they were also inhibited by the
pretreatment with SCH23390 or K-252a (Fig. 1B). NSE anti-
body was used as a neuronal cell marker, and glutamate decar-
boxylase of 67 kDa (GAD67) was also used as a marker of
medium size, spiny GABAergic neurons in striatum (28). The
levels of NSE and GAD67 were both constant in our neuronal
cultures.
An increase in phospho-TrkB immunoreactivity was also

observed in striatal neurons after a 3-h stimulation with
SKF38393 (Fig. 2). PhosphorylatedTrkBwas detected in theD1
receptor-positive neurons. The phospho-TrkB staining was
reduced after treatment with SCH23390 or K-252a. These
results indicated that TrkB receptors were phosphorylated in
striatal neurons specifically by dopamine D1 receptor stimula-
tion, leading to the phosphorylation of TrkB-dependent signal-
ing in vitro.
To determine the effects of D1 receptor activation in vivo, we

administered a subcutaneous injection of SKF38393 in postna-
tal rats (postnatal day 4; Fig. 3). Frontal cortex represents a
target region of dopaminergic neurons in the ventral tegmental
area. Therefore, frontal cortex and striatum from these animals
were dissected after the injection, and the effect of SKF38393
was estimated by measuring activated phospho-TrkB protein
level in the dopaminergic target region. In striatal lysates, an
increase in phosphorylated TrkB was detected by immunopre-
cipitation at 3 and 6 h after the injection. No significant
increases in phospho-TrkB levels in the frontal cortex were
observed. These results suggest that D1 receptor-specific TrkB
transactivation occurs in the striatum. We also administered
SKF38393 or SCH23390 in postnatal rats (postnatal day 4; Fig.
3B). Three hours after injection, the level of phospho-TrkB was
found to be reduced in the striatum of the rats with SCH23390
compared with the control littermates. This experiment con-
firmed that activation of D1 receptor can regulate TrkB activity
in the striatum.
To confirm the activation of TrkB receptors in a heterolo-

gous cell system, we transfected a D1 receptor cDNA construct
and assessed the phosphorylation of TrkB by SKF38393 in sta-
bly transfected TrkB-HEK293 cells (Fig. 4B). Phospho-TrkB
levels were increased by SKF38393 and were reduced by prein-

FIGURE 3. Phospho-TrkB level regulated in the striatum of the rats admin-
istrated with D1 receptor agonist and antagonist. Littermate rats were
injected with control vehicle (PBS; 0.25% ascorbic acid-saline), SKF38393
(A and B, SKF; 1 mg/kg in 0.25% ascorbic acid-saline) and SCH23390 (B, SCH; 1
mg/kg in 0.25% ascorbic acid-saline) on postnatal day 4. A, the effects of D1
receptor stimulation at several time points on striatum and frontal cortex
were estimated by determining phospho-TrkB. Duplicate samples are dis-
played. B, the effects of D1 receptor activation and inhibition after 3 h of
administration on striatum were estimated by determining phospho-
TrkB. Triplicate samples are displayed. Representative immunoblots (IB)
are shown. Quantifications of phospho-TrkB immunoreactivity in striatum
by NIH Image are shown. Note that there was no significant reduction of
the neuron (NSE) marker in the striatum in this pharmacological paradigm

(data not shown. control: 100 � 12.9%, SKF38393: 100.7 � 7.1%, SCH23390:
107.4 � 14.8%, mean � S.D.). n � 4; *, p � 0.05. The bars indicate S.D. IP,
immunoprecipitation.
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cubation of K252a or SCH23390, similar to primary neuronal
cultures.
Dopamine can stimulate not only neurons but also non-neu-

ronal cells (38, 39). Our striatal neuronal culture system con-
tains glial cells, �10% of total cell numbers (data not shown).
Because glial cells increase postnatally, it is therefore question-
able whether the TrkB phosphorylation in developing neurons
reflects a direct action on these neurons or is mediated through
non-neuronal cells reacting to dopamine.
To address the role of glial cells in transactivation, we com-

pared the relative level of full-length TrkB in primary neuronal
cultures and primary glial cultures (Fig. 5A). Full-length TrkB
was not detectable in glial cell lysates. Next, conditioned
medium fromprimarymixed glia culturewas collected after the
treatment with control (PBS), SKF38393, or SCH23390 prior to
SKF38393 or control (PBS). The neuronal cultures were incu-
bated with glial-conditioned media collected from each treat-
ment, and the levels of phospho-TrkB in the cell lysates were
detected by immunoprecipitation (Fig. 5B). No effects were
observed in the neuronal cultures from either PBS- or
SKF38393-conditionedmedium. The results from these exper-
iments suggest that TrkB activation in the striatal neurons by
SKF38393 treatment was not mediated by glial cells.
Another potential explanation for the effect of D1 receptor

stimulation is increased production of neurotrophins. Neu-
rotrophins are synthesized as an immature form, which is
cleaved and released as a mature form from neurons and

non-neuronal cells (40, 41). We
tested whether SKF38393-induced
TrkB phosphorylation was medi-
ated by the neurotrophin release by
applying TrkB-Fc in the culture
medium (Fig. 5, C–I). TrkB-Fc con-
tains the extracellular domain of
TrkB, which is effective in prevent-
ing the activation of native TrkB by
sequestering BDNF (42). In striatal
cultures, application of TrkB-Fc
blocked the increase in phospho-
TrkB immunoreactivity by exoge-
nous BDNF but failed to inhibit TrkB
phosphorylation after SKF38393
treatment (Fig. 5, H and I). These
results provide evidence that the
TrkB phosphorylation by D1 recep-
tor stimulation was notmediated by
the release of endogenous neurotro-
phin or from a secondary effect
from glial cells.
Dopamine receptors can regulate

concentration of intracellular cal-
cium ions (Ca2�) by modulating
extracellular Ca2� influx and intra-
cellular Ca2� pools (11–13). To
assess whether Ca2� contributed to
TrkB phosphorylation by the D1
receptor agonist (Fig. 6), we treated
striatal cultures with the calcium

chelator BAPTA, the membrane-permeable chelator BAPTA-
AM, and calcium ionophore ionomycin. The application of
ionomycin induced TrkB phosphorylation, in a manner similar
to SKF38393. Application of BAPTA or BAPTA-AM abolished
the increase in phospho-TrkB levels observed in the presence of
SKF38393 alone. In these experiments, we did not detect a sig-
nificant difference between the effect of BAPTA and BAPTA-
AM. Our data suggest that the intracellular concentrations of
Ca2� are regulated by D1 receptor, and increased Ca2� may be
involved in the transactivation of TrkB receptors by SKF38393.
It has been reported that TrkB surface expression is regu-

lated by Ca2� influx in hippocampal and cortical neurons (42–
44). From our results, intracellular calcium is implicated in
TrkB transactivation byD1 receptor agonists. To determine the
level of surface TrkB expression after the treatment with D1
receptor agonist, we used a cell surface biotinylation assay on
primary striatal cultures (Fig. 7,A andB). After a 3-h incubation
with SKF38393, striatal neurons were subjected to treatment
with NHS-LS-biotin. After immunoprecipitation with avidin-
conjugated beads, more biotinylated TrkB was detected on the
cell surface (Fig. 7A). Pretreatment with the D1 receptor antag-
onist, SCH23390, reduced the levels of biotinylated TrkB
induced by SKF38393.
Similar inhibitory effects were obtained with BAPTA. Pre-

treatment with BAPTA also lowered the levels of TrkB sur-
face expression. BAPTA-AM also showed the inhibitory
effects, but no significant difference was observed compared

FIGURE 4. Plasmid transfection to HEK293-TrkB cells. A, HEK293-TrkB cells transfected with mouse D1 recep-
tor expression vector (mD1R) or control vector (mock). After 60 min of incubation with 3H-dopamine (3H-DA)-
containing buffer, radioactivity contents were determined from independent wells (n � 4). ***. p � 0.001. The
bars indicate S.D. B, mD1R transfected HEK293-TrkB cells were treated with control (PBS), SKF38393 (SKF; 1 �M,
180 min), or BDNF (10 ng/ml, 3 min) at 37 °C. Some dishes were preincubated with K-252a ((�)K252a) or
SCH23390 ((�)SCH) prior to SKF38393 incubation. The cell lysates were subjected to SDS-PAGE and Western
blotting. Typical immunoblots (IB) are shown.
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with SKF38393 treatment (Fig. 7B). In addition to the biotiny-
lation assay, immunocytochemistry using an antibody against
the N terminus of TrkB indicated that SKF38393 elevated TrkB
surface immunoreactivity. The induction was also blocked by
preincubation with SCH23390 or BAPTA. BAPTA-AM pre-
treatment also inhibited TrkB surface immunoreactivity but
not to the same extent as BAPTA (Fig. 7, C–H). These data
suggest that the D1 receptor stimulation increases Ca2� influx
and induces the transactivation and cell surface expression of
TrkB.

DISCUSSION

DopamineD1 receptors are linked to theGs protein and acti-
vation of adenylate cyclase. G protein-coupled receptors have
various functions from endocrine regulation to higher order
behavior. In the central nervous system, GPCRs mediate neu-
ronal functions not only as fast neurotransmitters but also as
slowneuromodulators (15). The results presented here indicate
that dopamine is capable of transactivating Trk receptors, in a
time course similar to other GPCRs, such as adenosine and
pituitary adenylate cyclase-activating polypeptide receptors
(17, 18). Activation of TrkB through D1 GPCR signaling
occurred without involvement of neurotrophins. This suggests
that dopamine neurotransmitters are capable of communicat-
ing with neurotrophin signaling, which is responsible for many
morphological changes in neurons. Trk receptors also regulate

the expression and activity of ion channels and neurotransmit-
ter receptors and therefore canmodulate synaptic strength and
plasticity (36). These studies indicate that mutual regulation
between TrkB and dopamine D1 receptor signaling may con-
tribute to normal brain function.
Surface expression levels of receptors are also important in

modulating their signaling and function. Du et al. (43) reported
that Ca2� induces TrkB transport to plasma membrane in
mature hippocampal neurons. The present data show that do-
pamine D1 receptor activation increases not only TrkB phos-
phorylation but also TrkB surface expression through the Ca2�

influx in developing striatal neuron. The findings in this work
imply that receptor transactivation events byGPCRs such asD1
receptors may produce different physiological functions and
signal transductionmechanisms than by direct ligand-receptor
binding.
Dopamine is a predominant neurotransmitter that controls

electrophysiological and motor activity. Dopamine has also
been linked to neuronal development through its actions on
axonal growth and growth cones. For instance, dopamine
enhances outgrowth and arborization of processes and growth
cones in embryonic striatal neurons (7, 8, 45, 46).Many of these
effects have been ascribed to D1 dopamine receptor activity.
We observed such enhancement of neuronal development
(increasing of neurite extension and growth cone number) by
D1 receptor agonist in our culture system (data not shown).

FIGURE 5. Effects of glial cells or released factors from culture cells on
TrkB transactivation in striatal culture. A, striatal neuronal or glial cultures
were treated with control (�) or BDNF (�; 10 ng/ml) for 3 min on DIV6. Cell
lysates (30 �g each) were subjected to Western blotting (WB). Representative
immunoblots (IB) are shown. B, striatal neuronal cultures were treated with
conditioned medium from striatal glial cell culture (GCM) on DIV6. Primary
glial cells were treated with control (PBS), SKF38393 (SKF; 1 �M, 3 h), or
SCH23390 (1 �M, 1 h) prior to SKF38393 (SCH�SKF). After 3 h of incubation,
the media were harvested and used as glial condition media for striatal neu-
ronal culture. Neuronal cells were lysed after the treatment with SKF38393,
each glial conditioned medium, or BDNF, and then cell samples were immu-
noprecipitated (IP) with anti-TrkB antibody. Representative immunoblots are
shown. C–I, striatal cultures were treated with control (PBS), SKF38393 (�SKF),
K-252a and BDNF on DIV6. Some of the cultures were preincubated with
TrkB-Fc (10 �g/ml, for 20 min) in 37 °C prior to control (G), SKF38393 (H), or
BDNF (I). The cultures were fixed and immunostained with anti-phospho-TrkB
antibody.

FIGURE 6. Intracellular Ca2� regulation is involved in the TrkB transacti-
vation by D1 receptor agonist. Striatal cultures were treated with control,
SKF38393 (SKF), ionomycin (10 �M), and BDNF on DIV6. Some of the cultures
were preincubated with SCH23390 (SCH�SKF), BAPTA (BAPTA�SKF; 10 �M for
30 min), or BAPTA-AM (BAPTA-AM�SKF; 10 �M for 30 min) in 37 °C prior to
SKF38393. After immunoprecipitation (IP), the cell lysates were subjected to
SDS-PAGE and Western blotting for phosphotyrosine (pY) and TrkB. Duplicate
samples are displayed. Typical immunoblots (IB) are shown. The protein levels
were determined from independent wells (n � 4). *, p � 0.05. The bars indi-
cate S.D.
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These studies suggest that the D1 receptor is crucial for the
normal development of striatal neurons during development.
Jung and Bennett (47) observed that acute cocaine treatment

increased TrkB mRNA in neonatal striatum. The induction of
TrkB mRNA by cocaine was suppressed by SCH23390, a spe-
cific antagonist of D1 receptor. Our results did not show a sig-
nificant enhancement of TrkB protein level in vitro (Fig. 1) or in
vivo (Fig. 3) by the D1 receptor-specific agonist SKF38393.
Rather we found the transactivation of TrkB was inhibited by
SCH23390. It is formally possible that acute stimulation of D1
receptor and subsequent TrkB transactivation might be
involved in prolonged transcription and/or translation of TrkB.

Mice lacking D1 receptors displayed growth retardation, but
the general anatomy of the brain was normal. The size of the
striatum in adultmutantmicewas reduced comparedwithwild
type. These mutant mice displayed selective electrophysiologi-
cal and behavioral alterations (48, 49). These studies indicate
that the lack of D1 receptor in the developing brain may alter
neurotransmission and behavior in adults. In our experiments,
TrkB and phospho-TrkB levels in striatum from D1 receptor
null mice were altered compared with wild type mice.4 There-
fore, dopamine/dopamine receptor signaling in the knock-out
mice differed from wild type animals. However, preliminary
analysis made it difficult to establish a causal relationship
between dopamineD1 receptor andTrkB signaling.Our results
here indicate that dopamine/D1 receptor signaling can contrib-
ute to BDNF/TrkB activity. It has been observed that acute
BDNF stimulation increased D1R mRNA in vitro, and the D1
receptor mRNA level is decreased in the TrkB null mice (50).
Collectively, these studies suggest that BDNF-TrkB and dopa-
mine-D1 receptor signaling are intertwined and involved in the
neuronal development in striatum throughmodulation of neu-
rotrophic responsiveness. However, further work will be
needed to fully elucidate the in vivo effects of dopamine on
TrkB.
Neurotrophic factors regulate numerous neuronal functions

in development and adult life and in response to neuronal
injury. As a result, neurotrophins have been implicated in the
pathophysiology of a wide variety of neurodegenerative and
psychiatric disorders and have been considered to be a thera-
peutic strategy for neuropsychiatric disorders. Dopaminergic
systems also have been studied in relation to Parkinson disease
(22, 51) and Huntington disease (52). These parallels suggest
that themisbalance in the signaling betweenneurotrophins and
dopamine may be important in neurodegenerative disorders.
Activation of neurotrophin signaling pathways through

other receptor systems offers an alternativemechanismof com-
munication in the nervous system. For example, antidepressant
agents acting via monoamine G protein-coupled receptors can
lead to increased neurotrophin signaling (53). The results with
dopamine D1 receptors suggest that agonists of dopamine
receptors may be identified with neurotrophic effects for the
treatment of neurodegenerative diseases. This approach would
involve selective targeting of neurons that express specific
GPCRs and trophic factor receptors.
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